Abstract. miR-200a suppresses tumor development and progression; however, its role in tumor growth and metastasis of hepatocellular carcinoma (HCC) and the underlying mechanism have not been elucidated. In the present study, we identified that miR-200a was markedly downregulated in HCC and exerted suppressive effects on tumor cell growth and metastasis. We identified that miR-200a suppressed tumor growth and metastasis by directly targeting MACC1. In addition, HCC patients with low miR-200a expression had significantly worse prognosis than those with high expression of miR-200a. These findings suggest that miR200a may be recognized as a novel potential biomarker to predict the survival of patients with HCCs following liver transplantation.
Introduction
Hepatocellular carcinoma (HCC) is a highly aggressive cancer, characterized by the activation of multiple molecular pathways (1) (2) (3) (4) (5) . It is the sixth most common cancer and the third most common cause of cancer-related deaths worldwide (6) (7) (8) (9) . China alone accounts for 55% of the world's cases due to the high prevalence of chronic hepatitis B virus (HBV) infection and liver cirrhosis, both significant risk factors for the disease (10) (11) (12) (13) . Currently, radical resection and liver transplantation (LT) offer the main potentially curative therapeutic modalities. However, the long-term survival of patients following surgery remains unsatisfactory due to the high frequency of recurrence due to metastasis -principally attributed to the presence of microscopic extrahepatic metastatic foci before surgery (14, 15) . Therefore, a better understanding of the molecular mechanisms underlying HCC recurrence may offer improved diagnostic and prognostic capabilities in addition to the development of effective novel therapeutic strategies.
microRNAs, a newly discovered class of non-coding small RNAs, have been recognized as potential targets for tumor treatment due to their important roles in carcinogenesis and cancer progression via binding to specific complementary sites within the 3' untranslated regions (3'UTR) of their target gene mRNAs (16) (17) (18) . Accumulated studies have shown that miRNAs may function as oncogenes or tumor suppressors in the tumorigenesis of various human cancers depending on the cellular contexts and the target genes that they regulate. Among these functional miRNAs, miR-200a has been demonstrated to function as a tumor suppressor, and loss of miR-200a expression has been reported in many cancer types, whereas restoration of miR-200a expression has been shown to abrogate tumorigenesis (19, 20) . For instance, decreased miR-200a has been detected in breast cancer, whereas enhanced expression of miR-200a was found to induce growth suppression in breast cancer cells through downregulation of mitochondrial transcription factor A (TFAM) expression (21) . Moreover, miR-200a was observed to inhibit gastric adenocarcinoma cell proliferation and migration by suppressing the wnt/β-catenin pathway (22) .
However, the role of miR-200a in cell survival and metastasis of liver cancer and the underlying molecular mechanisms have not been elucidated. We therefore aimed to ascertain whether miR-200a may also play an important role in the tumor progression and metastasis of HCC.
We investigated the gene expression pattern of miR-200a in HCC and analyzed its effects on facets of HCC biology including invasion and cell survival. By revealing the functional implications and molecular mechanisms of miR-200a, we shed crucial light on how miR-200a functions in HCC pathogenesis. 
RNA extraction and SYBR-Green quantitative PCR analysis.
Total RNA was extracted from the cells using TRIzol reagent (Invitrogen). Mature miR-200a expression in the cells was detected using the miScript SYBR-Green PCR kit (Qiagen). Expression of RNU6B was used as an endogenous control. MACC1 expression was measured by SYBR-Green qPCR assay (Takara, Dalian, China). β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as internal controls and processed using the 2 -ΔΔCt formula, and then normalized to the internal control. PCR of MACC1 was performed with specific primers: forward, TCGGTC AGGAAGAATTGCAC and reverse, TTGTGAAGCAAG TCTGGGTCC.
In situ hybridization for miRNA. In situ hybridization for miR-200a was performed in the formalin-fixed and paraffin-embedded tissue specimens by using the miRCURY LNA microRNA ISH Optimization kit (Exiqon, Vedbaek, Denmark). A 5'-DIG and 3'-DIG miRCURY labeled miR-200a LNA probe (cat. 18094-15; Exiqon) was used. A scrambled LNA detection probe was used as a negative control (cat. 99004-01; Exiqon). Briefly, 5 µm-thick paraffin sections were deparaffinized and treated with proteinase-K (15 µg/ml) at 50˚C for 60 min, followed by stringent washes with 5X standard saline citrate, 1X saline sodium citrate, and 0.2X saline sodium citrate buffers at 50˚C; DIG blocking reagent (Roche, Mannheim, Germany) in maleic acid buffer containing 2% sheep serum at room temperature for 15 min; and alkaline phosphatase-conjugated anti-digoxigenin (diluted 1:500 in blocking reagent; Roche) at room temperature for 60 min. Enzymatic development was performed by incubating the slides with 4-nitro-blue tetrazolium and 5-brom-4-chloro-3'-indolylphosphate substrate (Roche) at 30˚C for 2 h at 37˚C for 10 min, followed by nuclear fast red counterstain (Sangon, Shanghai, China) at room temperature for 1 min. Slides were then dismantled in water, dehydrated in alcohol solutions and mounted with mounting medium (Sangon).
Measurement of cell viability, colony formation assay, invasiveness and migration.
Cell viability was measured using the Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Cells (0.2x10 4 ) transfected with the indicated miRNA or siRNA for 24 h were seeded in each 96-well plate.
For the colony formation assay, cells were seeded at 200 cells/well in 6-well plates containing complete DMEM on day 0, which was refreshed twice/week. On day 14, colonies were fixed with 3.7% formaldehyde for 15 min and stained with 1% crystal violet (Sangon) before quantification.
Cell invasion and migration assays were performed using the Transwell (Millipore, Billerica, MA, USA) based method. Forty eight hours after plasmid transfection or RNA interference, the filters coated with Matrigel (BD Bioscience, San Jose, CA, USA) in the upper compartment were seeded with 0.4x10 5 or 0.8x10 5 cells. After 48 or 72 h, invaded cells on the bottom surface were stained with 0.1% crystal violet (Sangon). The cell migration assay was performed similarly, except that the cells were applied to the uncoated filter.
Western blotting. Western blotting was used to detect the expression of target genes at the protein level. Protein was extracted from the transfected MHCCLM3 cells using modified RIPA buffer in the presence of proteinase inhibitor cocktail. Equivalent quantities (30-50 µg) of protein were separated on 10% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk and then incubated overnight at 4˚C with the appropriate primary antibody at the dilutions specified by the manufacturer. The membranes were then washed three times in 10 ml TBST and incubated with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody at a 1:2,000 dilution for 1 h. The bound secondary antibody was detected using an enhanced chemiluminescence (ECL) system (Pierce Biotechnology Inc., Rockford, IL, USA). Primary antibodies were as follows: MACC1 antibody (1:250) and anti-β-actin antibody (1:1,000) (both from Sigma, St. Louis, MO, USA). β-actin protein was used as the internal control.
miRNA target prediction. For the prediction of the target genes and the 3'UTR binding sites by the seed region of miR-200a, the TargetScan (http://www.targetscan.org/), miRanda (http:/www. microrna.org/microrna/home.do) and PicTar (http://pictar.mdc-berlin.de/) databases were used. The related functions of the targets were also considered.
3'UTR luciferase reporter plasmid construction. The 500-bp 3'UTR of human MACC1 complementary DNA was amplified by polymerase chain reaction with the following primers: forward, 5'-CCGCTCGAGCACCAGTAAAACAAGGAAC TTG-3' and reverse primer, 5'-GAATGCGGCCGCTTTACA GAAACAAATGCAATGTTAC-3'. Endonuclease restriction sites were incorporated in the primers to facilitate ligation into the luciferase reporter plasmid psiCHECK-2 vector (Promega, Madison, WI, USA). A psiCHECK-2 construct containing 3'UTR of MACC1 with a mutant seed sequence of miR-200a was also synthesized (Genepharma, Shanghai, China). All constructs were verified by DNA sequencing. HEK293 cells were plated in 96-well plates and then cotransfected with 100 ng constructs with or without miR-200a. At 48 h after transfection, luciferase activity was detected using a dualluciferase reporter assay system (Promega) and normalized to Renilla activity.
Statistical analysis.
The results are expressed as mean ± standard deviation (SD), as appropriate. Comparisons of continuous data were analyzed by the Student t-test between two groups, whereas categorical data were analyzed by the Chi-square test.
Statistical analyses were performed using SPSS for Windows v.16.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant result.
Results

miR-200a is frequently downregulated in hepatocellular carcinoma and HCC cell lines.
We measured the expression of mature miR-200a in the human liver tissues and the corresponding HCCs (n=115) using quantitative RT-PCR (qRT-PCR) with the endogenous control (RNU6B). We found that miR-200a was markedly decreased in the HCCs (P<0.01; Fig. 1A) . The overall expression level of miR-200a was decreased ~2.36-fold in the HCC samples. This result suggests that downregulation of miR-200a may be a frequent event in HCC.
To corroborate these findings, in situ hybridization analysis was performed in the HCCs and normal liver tissues using 5'-and 3'-dig-labeled LNA probes. In situ hybridization with LNA-modified anti-miR-200a probe also showed a decrease in the HCC samples. No signal was detected with the scrambled control demonstrating specificity of the probes (Fig. 1B) . We also investigated expression of miR-200a in 7 HCC cell lines and the normal liver cell line LO2. Except for the PLC cells, a low level of miR-200a was found in most of the HCC cell lines when compared with the expression in the LO2 cells. Among them, HCCLM3 and HepG2 cells were selected for subsequent investigation (Fig. 1C) .
miR-200a inhibits tumor cell growth and metastasis in HCC.
To investigate the effects of miR-200a on tumor biology, HCCLM3 and HepG2 cells were then transfected with miR-200a mimics and inhibitors or their respective controls and the efficiency of miR-200a and anti-miR-200a was validated (Fig. 1D) .
To this effect was abrogated when the predicted 3'UTR binding site was mutated (P<0.05; Fig. 3D ). These data indicate that miR-200a may negatively regulate MACC1 expression by directly targeting its 3'UTR. Table II . miR-200a expression is an independent prognostic factor for HCC patients following LT. (Table I) . Univariate analysis revealed that vascular invasion, preoperative serum AFP level (>400 ng/ml), multiple tumors and tumor size (>5 cm) and the expression level of miR-200a (miR-200a high ) were predictors for overall survival (OS) and cumulative recurrence (Table II) . HCC patients with low miR-200a expression had a significantly worse prognosis than those with high expression of miR-200a (Table II) Cox multivariate analysis (Table II) revealed that in addition to vascular invasion, a high preoperative AFP level (>400 ng/ml) and large tumor size (>5 cm), miR-200a overexpression in HCC was an independent prognostic factor for predicting tumor recurrence (P<0.001) and OS (P<0.001) in HCC patients following LT.
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Discussion
The development of early diagnostic and effective therapeutic strategies for HCC is an important issue for scientists and clinicians. Currently, there has been limited information regarding the differentiation states of HCC, although some information concerning HCC may be obtainable from surgical specimens. However, only 10-20% of HCC patients are suitable for surgical operations, making it difficult to develop an effective and comprehensive therapeutic strategy for all HCC patients. In addition, a surgical operation is not indicated for treating HCC patients with metastatic tumors. A new biomarker of HCC progression may be helpful for early diagnosis or to determine a suitable solution for HCC therapy. Recently, miRNAs have become useful as prognostic and diagnostic clinical biomarkers. Determining whether the expression of specific miRNAs is correlated with the progressive state of HCC may be valuable for clinical applications.
miRNAs may function as critical regulators in the tumorigenesis of various human cancers, and loss of miR-200a expression has been reported in breast cancer, ovarian cancer and pancreatic cancer (21, (23) (24) (25) (26) (27) . However, the expression pattern and its role in cell survival and metastasis of primary hepatocytes and the underlying mechanism have not been elucidated. In the present study, we identified that miR-200a was markedly downregulated in HCC and exerted a suppressive effect on tumor cell growth and metastasis. In addition, we found that miR-200a suppressed tumor growth and metastasis in HCC by directly targeting MACC1 through binding to a specific complementary site within its 3'UTR.
The miR-200 family has been linked to tumor progression and metastasis in several carcinomas. Members of the miR-200 family are downregulated during progression and migration of ovarian and breast cancer, as well as in bladder, pancreatic, prostate and esophageal carcinoma. Furthermore, in several of these entities, downregulation of miR-200 is associated with reduced overall survival and poor response to chemotherapy (28) (29) (30) (31) (32) (33) (34) (35) . In the present study, we found that HCC patients with low miR-200a expression had significantly worse prognosis than those with high expression of miR-200a.
In conclusion, our study revealed the inhibitory effect of miR-200a on MACC1 in HCC and partly elucidated a potential molecular mechanism by which miR-200a participates in tumor aggressiveness. These findings suggest that miR-200a may be recognized as a novel potential biomarker to predict the survival of patients with HCCs following LT.
